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A B S T R A C T
Nanocellulose is a functional material derived from natural carbon-based polymers. These nanomaterials are
biodegradable and renewable in nature and hence are seen as environmentally-friendly materials in many ap-
plications. The use of such innovative materials is accelerating and inescapable there is a need to test these
presumed environmentally-friendly materials with regard to their ecotoxicity. Here, the acute toxicity and the
oxidative stress of nanocelluloses as induced to three aquatic organisms of different trophic levels, namely
Scenedesmus obliquus, Daphnia magna, and Danio rerio, were studied in relation to the composition and mor-
phology of the celluloses. Wood-based cellulose nanocrystals (CNCs), cotton-based CNCs, and cotton-based
cellulose nanofibrils were selected as model compounds. The results clearly demonstrated a lack of impact of the
different nanocellulose materials on apical endpoints like growth inhibition and mortality after short-term ex-
posure. The nanocellulose materials did activate oxidative stress as evoked by reactive oxygen species in the
three aquatic organisms. Key factors ascertained to induce the oxidative stress were the composition and
morphology. The nanocellulose induced oxidative stress was observed for all the species at concentrations higher
than 0.01 mg/L. This finding suggests a more general revelation of oxidative stress being a characteristic me-
chanism for nanocellulose toxicity to aquatic organisms.
1. Introduction
Cellulose is a major component of plant cell walls and the most
abundant biopolymer on earth (Klemm et al., 2011). Nanocellulose
defined as nano-structured cellulose has at least one dimension<100
nm (de Figueirêdo et al., 2012; Trache et al., 2017). It is categorized
into two main types, namely cellulose nanocrystals (CNCs) and cellu-
lose nanofibrils (CNFs) (Islam et al., 2014; Kargarzadeh et al., 2018). In
recent years, nanocellulose attracted increasing attention because of its
remarkable strength and physicochemical properties, e.g., high surface-
to-volume ratio, tailorable barrier properties, and superior tensile
strength (Deepa et al., 2011; Eichhorn et al., 2010). Its unique prop-
erties and future commercialization prospects have resulted in several
potential applications (Hemraz et al., 2015). Because nanocellulose
materials are primarily obtained from naturally occurring sources, they
are seen as environmentally-friendly, biocompatible, and safe. Sewage
systems and municipal wastewater treatment plants are identified to
become important intermediate pathways for nanocellulose transfer
into the environment (Antonkiewicz et al., 2019). This assumption, that
is not supported by solid scientific evidence, as well as their ever-in-
creasing usage for many synthesized products, make that there is an
urgent need to verify the safety claim as well as to gain insights in the
(unwarranted) toxicity potentials of nanocellulose (Du et al., 2015;
Farcas et al., 2016; Yanamala et al., 2014).
To date, limited data are available exemplifying the ecotoxicity and
the mechanisms of toxicity elicited by nanocellulose. The few available
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toxicity data are yet inconclusive. For instance, Du et al. (2015) in-
dicated that nanocellulose exposure induced an increase in cytotoxicity
to Escherichia coli 652T7 as CNC exposure times increased, and elevated
dispersibility of the CNCs was shown to increase their cytotoxicity.
Vartiainen et al. (2011) detected acute toxicity of microfibrillated cel-
lulose referred to as nanocellulose only at a very high level (300 mg/L)
to Vibrio fischeri, and detected decrease in Daphnia magna movement
induced by the microfibrillated cellulose. Ogonowski et al. (2018) also
concluded that CNFs display a low toxic potential to filter-feeding or-
ganism (D. magna). In addition, Salehpour et al. (2018) found that the
nanocomposites of polyvinyl alcohol and CNFs did not generate any
negative effects on plants including cress and spinach.
Oxidative stress as a common mechanism underlying carbon-based
nanoparticle-induced toxicity to different aquatic organisms has been
proposed (Freixa et al., 2018; De Marchi et al., 2018). A clear indication
of oxidative stress in the marine alga chlorophyte Dunaliella tertiolecta
was observed for single-walled (SWNTs) (Thakkar et al., 2016) and
multi-walled (MWNTs) carbon nanotubes (Wei et al., 2010). Exposure
to PEGylated SWNTs can lead to toxic effects on zebrafish embryos with
an increase of the production of reactive oxygen species (ROS)
(Cordeiro et al., 2018). MWNTs caused oxidative stress after sub-
chronic exposure of two fish species (Danio rerio and Astyanax altipar-
anae) as shown by monitoring the activity of superoxide dismutase
(SOD) and catalase (CAT) (Cimbaluk et al., 2018). Consequently, it is
speculated that nanocellulose causes similar oxidative stress effects as
carbon nanotubes, thus posing a potential negative impact on ecolo-
gical species.
In order to enrich the data in evaluating the ecotoxicity of nano-
cellulose and to better understand the potential mechanisms of toxicity,
the present study assessed the impacts of CNC- and CNF-exposure on an
alga species (Scenedesmus obliquus), a cladoceran species (D. magna),
and a freshwater fish larva (D. rerio) as aquatic model organisms, re-
presenting three different trophic levels. Often three different trophic
levels are the base set to derive effect assessment (according OECD
regulation). Within the selection of assessment factors to derive pre-
dicted no effect concentrations as done for risk assessment, also this
base set is used in which a fish, zooplankton and algae species is tested
for its acute effect concentration. Here we determined a new material of
which the mode-of-action is not well-known, hence we selected ac-
cordingly three species of different trophic levels being non-related
respecting ecophysiology. Moreover, it is known that the toxicity and
uptake of nanomaterials depend on the biological species (see for in-
stance Chen et al., 2018; Ivask et al., 2014). Furthermore, we applied a
battery of ecotoxicological endpoints spanning molecular toxicology,
oxidative stress, antioxidant capacity, and apical endpoints such as
growth and survival, over a wide range of exposure concentrations.
2. Materials and methods
2.1. Test materials and media
Wood-based CNCs (WCNCs) with a nominal diameter of 4–10 nm
and length of 100–500 nm in a colloid suspension (3.5 wt%), cotton-
based CNCs (CCNCs) with a nominal diameter of 4–10 nm and length of
100–500 nm in a colloid suspension (7.1 wt%), and cotton-based CNFs
(CCNFs) with a nominal diameter of 4–10 nm and length of
1000–3000 nm in a colloidal suspension (1.1 wt%) were kindly pro-
vided from Qihong Technology Co., Ltd. (Guilin, China).
The algae medium (pH 7.8 ± 0.2) prepared according to OECD
guidelines (OECD 201, 2006) was used as culture and test medium for
both S. obliquus and D. magna. The embryo medium (pH 7.0–8.0) used
as culture and test medium for zebrafish embryo contained: NaCl
5.03 mM; KCl 0.17 mM; CaCl2·2H2O 0.33 mM; MgSO4·7H2O 0.33 mM;
Methylene blue 0.1% (w/v).
2.2. Test suspensions and concentrations
Stock suspensions of 100 mg/L of the nanocelluloses were prepared
freshly by dispersing the colloidal suspension into the test media. The
suspensions were subsequently sonicated for 30 min in a water-bath
sonicator (KH-3200DE, 150 W at 100% energy input). The stock sus-
pensions were diluted to the desired exposure concentrations, ranging
from 0.01 to 10 mg/L for the toxicity tests.
2.3. Physicochemical analyses
The surface chemistry of the nanocelluloses was characterized by X-
ray Photoelectron Spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi, USA) and Fourier Transform Infrared Spectroscopy (FTIR,
Spectrum 100, Perkin Elmer, Inc., USA). A transmission electron mi-
croscope (TEM, FEI-Tecnai G2F20, Hillsboro, OR, USA) was used to
characterize the morphology of the nanocelluloses in the colloid sus-
pension and two types of test media. The zeta potential and the hy-
drodynamic diameter of the three types of nanocelluloses suspensions
were analyzed at 0, 48, and 96 h after incubation under the same
conditions as in the toxicity tests, by utilizing a ZetaSizer instrument
(Nano ZS90, Malvern Instruments Ltd., Worcestershire, UK). The three
types of nanocelluloses were suspended for the TEM, zeta potential and
hydrodynamic diameter measurements at a concentration of 10 mg/L to
the two types of test media, which represent the highest exposure
concentration in the toxicity testing.
2.4. Test species and acute toxicity tests
The algal species S. obliquus was obtained from the Chinese
Academy of Sciences, Institute of Hydrobiology (Wuhan, China) and
incubated under a 12:12 h light (3000–4000 lx)/dark photoperiod
(24 ± 1 °C). The algae suspension was shaken by hand three times a
day to prevent cell adhesion until it reached the logarithmic growth
phase for acute toxicity tests (96 h). Daphnids were cultured in clean
tap water in an incubator under a 16:8 h light/dark photoperiod
(23 ± 1 °C) and fed on S. obliquus. After over two-week-old daphnids
began to steadily produce a large number of neonates, the newborn
neonates (< 24 h old) were kept into algae medium for 1 h, and used
for toxicity testing (48 h) and oxidative stress analysis. D. rerio wild-
type strain AB embryos were obtained from Eze-Rinka (Nanjing, China).
Embryos incubated at 26 ± 1 °C within the 4– to 32–cell stage were
selected for testing (96 h).
The acute toxicity tests were performed according to the OECD
guidelines (OECD 201 (2006) for S. obliquus, OECD 202 (2004) for D.
magna, and OECD 236 (2013) for D. rerio) with minor modifications: (1)
the initial cellular density and exposure time were set at 3 × 105 cells/
mL and 96 h; (2) 10 daphnids were transferred into a test vial con-
taining either 50 mL of the test suspensions or control, each exposure
concentration was tested using the same batch of daphnids with three
parallels; (3) 12 zebrafish embryos were exposed to each test suspen-
sion on a single plate and testing was performed in two independent
experiments.
2.5. Oxidative stress and anti-oxidative assays
2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA), purchased
from Macklin Biochemical Co., Ltd. (Shanghai, China), was used as a
fluorescent probe to measure the intracellular ROS level. The ROS
analysis and tracking for all test species of different trophic levels were
performed following the procedures described previously (Ghobadian
et al., 2015; Hu et al., 2015; Xie et al., 2006) with slight modifications.
Briefly, the algal cells (96 h), the daphnids (48 h), and the zebrafish
larvae (96 h) were collected at the end of each time interval. Then the
DCFH-DA (10 μM for algal cells and daphnids, as well as 20 μM for
zebrafish larvae) was incubated for 30 min for algal cells and daphnids,
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and for 60 min for zebrafish larvae. The samples were washed three
times with culture media under the same conditions for fluorescence
intensity (FI) detection and for ROS tracking using a fluorescence
spectrophotometer (F96PRO, Shanghai Kingdak Scientific Instrument
Co., Ltd., Zhejiang, China) and a fluorescent microscope OLYMPUS
BX51 (Olympus Corp., Tokyo, Japan) with an excitation wavelength of
485 nm and an emission wavelength of 530 nm, respectively. The re-
lative ROS level was calculated as a percentage (%) according to the
equation:
= ×Relative ROS level mean F mean F% [ / ] 100t c (1)
where Ft indicates the fluorescence of the treated groups; Fc equals the
fluorescence of the control groups.
Total anti-oxidative capacity (TACSM; the contribution of small
molecules to the antioxidant defense of the organism) testing was de-
termined using the appropriate commercial kits, which were purchased
from Nanjing Institute of Jiancheng Biological Engineering (Nanjing,
China). The specific tests were completed according to the manufac-
turer's instructions (Wang et al., 2017).
2.6. Statistical analysis
All data are presented as means± standard deviation (SD).
Statistically significant differences between groups were determined by
means of a t-test at significance levels of p < 0.05, p < 0.01, and
p < 0.001.
3. Results and discussion
3.1. Physicochemical characterization of nanocelluloses
The XPS measurement (Fig. S1) showed that the WCNC, CCNC, and
CNF surfaces consisted of 40.74% C/40.73% O/12.33% Na/0.69% N/
5.51% S, 61.59% C/36.69% O/0.57% Na/0.62% N/0.54% S, and
53.72% C/34.76% O/6.72% Na/0.72% N/4.08% S, respectively. The
FTIR spectrum indicated that the nanocelluloses used contained plen-
tiful O-containing functionalities, e.g., –OH and−COOH, as depicted in
Fig. S2.
TEM images of the colloidal suspensions of WCNC, CCNC, and CCNF
and their suspensions at the concentration of 10 mg/L in the algae and
the embryo medium are presented in Fig. 1A–I. In the colloidal sus-
pensions, individual nanocelluloses are visible and well-distributed
throughout the samples (Fig. 1A–C). In the test media, WCNCs (Fig. 1D
and G) and CCNFs (Fig. 1F and I) exhibited a needle-like rigid structure
with smooth edges while CCNCs (Fig. 1E and H) with a few forks. The
length of the nanocelluloses increased in the order of CCNCs <
WCNCs < CCNFs, as estimated on the basis of the TEM pictures.
The zeta potential and hydrodynamic diameters of the WCNC,
CCNC, and CCNF suspensions in two test media are shown in Fig. 1J–M.
The detailed polydispersity index values have been provided in Table
S1. As shown in Fig. 1J and L, the zeta potential of the CCNC suspen-
sions were more positive as compared to the zeta potential of the WCNC
and CCNF suspensions. Moreover, the zeta potential of the CCNF sus-
pensions was more negative than the zeta potential of the WCNC sus-
pensions in the algae medium. As shown in Fig. 1K and M, the hydro-
dynamic diameters of the CCNCs suspensions were significantly lower
than those of the WCNC and CCNF suspensions. Moreover, the hydro-
dynamic diameters of the CCNF suspensions were larger than the dia-
meters of the WCNC suspensions in the algae medium. In general, the
assessment of the nanocelluloses from dynamic light scattering mea-
surements is in good agreement with the length estimates from TEM
images. The physicochemical analysis indicated that the nanocelluloses
studied were well dispensable and stable in the algae and embryo
media.
3.2. Cytotoxicity and oxidative stress induced by nanocelluloses to S.
obliquus
Apparent toxicological and biochemical endpoints in S. obliquus as
dependent on particle type and exposure concentration were evaluated
and compared (Fig. 2). Across the range of the studied concentrations,
WCNCs, CCNCs and CCNFs induced no significant growth inhibiting
effects on the algal cells (Fig. 2A). Note that CCNFs at the concentration
of 10 mg/L induced an increase in the growth rate compared with the
control, implying that CCNFs actually stimulated the algal growth.
As shown in Fig. 2B, the ROS level (%) of WCNCs at the con-
centrations ranging from 0.1 to 10 mg/L showed a significantly higher
level than in the control, indicating a significant increase in ROS.
Moreover, CCNCs at 10 mg/L and CCNFs at 1 and 10 mg/L significantly
increased the ROS level. We also used TACSM as an oxidative stress
marker to evaluate the non-enzymatic antioxidant activities of S. ob-
liquus. As shown in Fig. 2C, significant increases in the TACSM levels
relative to the controls occurred in CCNCs and CCNFs at 10 mg/L. This
implies that the TACSM response was associated with the particle type
and concentration. These findings point towards the anti-oxidative
defense system playing an important role in the response of algal cells
to exposure to the nanocelluloses.
The observations by optical microscopy (Fig. 2D–G) and fluores-
cence microscopy (Fig. 2H–K) provided supportive evidence for the
interactions of the nanocelluloses with the algal cells. Compared to the
control group, the chlorophyll content in the indicated treatments was
obviously reduced (Fig. 2D–G), probably due to the destruction of the
chloroplast. The extent of intracellular ROS accumulation reflected the
oxidative damage of cells exposed to xenobiotic compounds (Raha and
Robinson, 2000). The cells treated with nanocellulose at 10 mg/L
showed stronger vivid green fluorescence, indicating that the nano-
celluloses might give rise to oxidative damage in the algae cells.
3.3. Nanocelluloses induced toxicity and oxidative stress response to D.
magna
An overview of survival rates, ROS levels, and TACSM of D. magna is
provided in Fig. 3. WCNCs, CCNCs and CCNFs were not significantly
toxic to D. magna across the range of concentrations studied, as pre-
sented in Fig. 3A. Ogonowski et al. (2018) have examined the response
of D. magna neonates after 48 h of exposure to CNFs and also observed
no mortality.
As shown in Fig. 3B, the ROS levels (%) of WCNCs at 1 and 10 mg/L,
CCNCs at 10 mg/L, and CCNFs at 0.1 and 10 mg/L were significantly
higher than the ROS levels of the control. The TACSM levels also sig-
nificantly increased in case of exposure to WCNCs at 1 mg/L and to all
three nanocelluloses at 10 mg/L (Fig. 3C).
The results obtained using the optical microscopy (Fig. 3D–G)
showed that the three nanocelluloses caused no obvious mechanical
damage to D. magna. As shown in Fig. 3H–K, it was observed that the
organisms exposed to the nanocelluloses displayed stronger bright
green fluorescence than the control, implying that the nanocelluloses
significantly increased the intracellular ROS levels in the daphnids.
Furthermore, ROS generated by the nanocelluloses mainly accumulated
in the thoracic appendages and end (final) guts of D. magna. Hence it
can be concluded that oxidative stress might be a specific controlling
mechanism for the toxic effect of the nanocelluloses on D. magna.
3.4. Nanocelluloses induced toxicity and oxidative stress response to D.
rerio
Fig. 4 depicts the survival rate, the ROS level, and TACSM of D. rerio.
Across the range of concentrations studied, WCNCs, CCNCs, and CCNFs
induced no significant lethal effects on D. rerio (Fig. 4A). Current stu-
dies on aquatic invertebrates and fish have mostly shown low mortality
rates when exposed to both CNC (Kovacs et al., 2010) and CNF (Harper
Z. Wang, et al. NanoImpact 17 (2020) 100211
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Fig. 1. TEM images of WCNCs (A, D, and G), CCNCs (B, E, and H), and CCNFs (C, F, and I) with a scale bar of 500 nm (A, B, and C) in the colloidal suspensions, and a
scale bar of 200 nm for the images obtained with algae and embryo medium (D–I); zeta potential of WCNC, CCNC, and CCNF suspensions in the algae medium (J) and
in the embryo medium (L) over time; hydrodynamic diameters of WCNC, CCNC, and CCNF suspensions in the algae medium (K) and in the embryo medium (M) over
time. Different letters in J–M represent significant differences between the treatments (p < 0.05), n = 3.
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et al., 2016) at relatively high doses (0.25–1 g/L).
As shown in Fig. 4B, the ROS levels (%) induced by WCNCs at
10 mg/L and CCNCs as well as CCNFs at concentrations ranging from
0.01 to 10 mg/L were significantly higher than the ROS level in the
control, indicating a significant increase in ROS. The TACSM levels also
significantly increased after exposure to WCNCs at 0.01 and 0.1 mg/L
and CCNFs at concentrations ranging from 0.01 to 10 mg/L (Fig. 4C).
The implication of the tests results are that the first building blocks to
create a species sensitivity distribution are prepared. Respecting the
species selective sensitivity, our results showed that concentration of
the nanocelluloses at which oxidative stress in zebrafish embryos was
induced, was the lowest amongst the aquatic organisms of the three
trophic levels which we tested.
The images of the optical microscopy (Fig. 4D–G) showed no sub-
lethal impacts on developmental morphology and on teratogenicity
toxicological damage after exposure of D. rerio to the three nanocellu-
loses. As shown in Fig. 4H–K, it was observed that the organisms ex-
posed to the nanocelluloses displayed stronger bright green fluores-
cence than the control, implying that the nanocelluloses significantly
increased the intracellular ROS levels in the fish. Furthermore, ROS
generated by the nanocelluloses mainly accumulated in the yolk sac
regions (as denoted by the red arrows) and the tail part (as denoted by
the white dotted boxes). It is evident that induction of oxidative stress
might be an important toxicity pathway for the nanocelluloses and
occurs upon exposure of aquatic invertebrates to suspensions of nano-
celluloses.
3.5. Comparing ecotoxicological effects induced by nanocellulose to other
nanomaterials
To better estimate the ecological risk of the nanocelluloses, the
ecotoxicity data generated within this study were compared to data
reported in literature on selected metal-based and carbon-based nano-
materials. The summary of Chen et al. (2015) shows that median-lethal
(Effect) concentration (L(E)C50) values for 8 different organisms used
within ecotoxicity testing allow for classification of most metal-based
nanomaterials within the category “harmful: 10–100 mg/L L(E)C50”.
Likewise, Freixa et al. (2018) concluded that carbon-based nanoma-
terials (i.e., C60, SWNTs, MWNTs, and graphene) are slightly acute toxic
for most aquatic organisms (i.e., algae, crustacean, and fish) (10 mg/
Fig. 2. Growth rate (A), relative reactive oxygen species (ROS) level (B) and total anti-oxidative capacity (TACSM) (C) of S. obliquus after 96 h of exposure to
suspensions of WCNCs, CCNCs, and CCNFs at concentrations of 0.01, 0.1, 1, and 10 mg/L. Images (D–K) of the algal cells at the end of time interval as observed in the
same field of view (optical field and fluorescence tracking, 10 × 40). The same positions marked by the red arrows and white dotted box are respectively the
damaged cells and the strong ROS tracking. Statistical significance versus control group: * p < 0.05, ** p < 0.01, and *** p < 0.001.
Z. Wang, et al. NanoImpact 17 (2020) 100211
5
L < EC50 ≤ 100 mg/L). In contrast, existing reports of acute toxicity
induced by nanocellulose materials indicate lack of effects at con-
centrations below 100 mg/L (Felix et al., 2016; Harper et al., 2016), not
to mention that in some cases the L(E)C50 values for organisms of dif-
ferent trophic levels were all higher than 1 g/L (Kovacs et al., 2010).
In the present study, for all organisms tested we observed oxidative
stress effects appearing at sub-lethal endpoints at relatively low ex-
posure concentrations (0.01 mg/L for zebrafish embryo and 0.1 mg/L
for algae and daphnids) irrespective of the nanocellulose material
tested. Comparatively, most publications reported the first observable
negative effects (such as oxidative stress) of metal-based nanomaterials
at around 0.1 mg/L or even at higher concentrations (Fang et al., 2015;
Gonçalves et al., 2018; Lacave et al., 2016; Rodea-Palomares et al.,
2011; Valerio-García et al., 2017). For instance, ZnO nanoparticles at a
concentration of 0.1 mg/L increased antioxidative enzyme activities in
livers of Carassius auratus after 14-day exposure (Benavides et al.,
2016). A concentration of 5 mg/L of TiO2 nanoparticles significantly
increased the ROS level of Nitzschia closterium (Xia et al., 2015). A
concentration of 12.5 mg/L CeO2 nanoparticles did not cause mortality
of Corophium volutator but induced sub-lethal effects through oxidative
stress (Dogra et al., 2016). Our findings suggest that although the
aquatic toxicity of nanocellulose materials was lower than the toxicity
of metal-based nanomaterials, nanocellulose materials are prone to
induce oxidative stress at low exposure levels.
Many studies also found that carbon-based nanomaterials induced
oxidative stress at concentrations ≥0.01 mg/L (Cano et al., 2017;
Freixa et al., 2018; Hu et al., 2015; Schwab et al., 2011; Tao et al.,
2015). For example, the increase of ROS levels and the reduction of
relative activity of superoxide dismutase enzyme was observed in algal
cells after 96 h exposure to 0.01–10 mg/L carboxyl single-walled
carbon nanotubes (Hu et al., 2015). In general, ROS induction in the
aquatic organisms of different trophic levels was observed at relatively
low exposure levels of nanocellulose. As far as we know, this is the first
study that explores the mechanisms of toxicity of nanocellulose in
aquatic organisms. And indeed although oxidative stress is not a sur-
prising endpoint to nanomaterials exposure, our results showed that
even though nanocellulose is of biogenic origin, still oxidative stress
occurs. Therefore, it is needed to understand the meaning of ROS in-
duction in terms of ecosystem-relevant endpoints.
Fig. 3. Survival rate, relative reactive oxygen species (ROS) level and total antioxidative capacity (TACSM) of D. magna after 48 h of exposure to suspensions of
WCNCs, CCNCs, and CCNFs at concentrations of 0.01, 0.1, 1, and 10 mg/L. Images (D–K) are the same individuals at the end of time interval as observed in the same
field (optical field and fluorescence tracking, 10 × 10). The positions marked by the red arrows and white dotted boxes expressed a significantly higher ROS tracking
than the control group. Statistical significance versus control group: * p < 0.05, ** p < 0.01, and *** p < 0.001.
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4. Conclusions
Although presumed environmental-friendly and safe, we observed
that the nanocellulose materials induced oxidative stress in aquatic
organisms of three different trophic levels at concentrations as low as
0.01 mg/L. The particle-induced oxidative stress was mainly associated
with the nanocellulose form, morphology, and exposure concentration
of the nanocelluloses. These findings are counterintuitive when com-
pared to societal expectations of naturally occurring cellulose fibers to
be biodegradable and non-toxic. The findings of this study, therefore,
emphasize the importance of evaluating the ecotoxicological impacts
(both exposure and effects) of the accelerating use of nanocellulose
materials for ever-growing human production needs.
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